The structure of Nd 0.75 Sm 0.25 GaO 3 was studied by high-resolution powder diffraction methods using conventional x-ray and synchrotron radiation in the temperature range 85-1173 K. The GdFeO 3 structure type was confirmed for Nd 0.75 Sm 0.25 GaO 3 in the temperature region investigated and no structural transitions were observed. The cell parameters show a monotonic and anisotropic increase with temperature. The interatomic potential was fitted using the GULP code. Using this potential, a self-consistent approximation following the Debye model was constructed from the elastic constants of the crystals. The total phonon DOS, its projections onto atomic species, heat capacity C v , Grüneisen parameter γ and thermal expansion coefficient α were considered in the framework of quasiharmonic lattice dynamics and the Debye model. The shape of the phonon DOS calculated from lattice dynamics differs significantly from the respected Debye DOS. The rare earth,gallium and oxygen atoms dominate in different frequency regions of the phonon spectrum. The heat capacity is well reproduced by the Debye model below 100 K, where acoustic phonons play an important role and above 800 K when the classical limit is reached. Predicted values of Grüneisen parameter and thermal expansion coefficients in the frame of the Debye model are ∼35% too low. Therefore, the thermal properties of Nd 0.75 Sm 0.25 GaO 3 cannot be explained by acoustic phonons only and hence, Nd 0.75 Sm 0.25 GaO 3 cannot be described perfectly as a Debye-like solid with respect to its thermodynamic properties.
Introduction
In recent years rare-earth perovskite-type orthogallates REGaO 3 (RE-rare-earth ion) have been studied intensively because of their wide range of unique physical properties. Most well-known applications are for substrate materials for HTSC and CMR films [1, 2] . For example, NdGaO 3 single crystals are a promising substrate material for GaN film deposition [3] , and Sr-and Mg-doped LaGaO 3 is a prospective material for fuel cells [4] . Also, ionic conductivity has been reported for doped NdGaO 3 [5] and PrGaO 3 [6, 7] .
From the family of rare-earth perovskite-type orthogallates, the NdGaO 3 -SmGaO 3 pseudo-binary system is unique from the technological point of view. As reported in [8] [9] [10] [11] , rare-earth orthogallates REGaO 3 with RE ionic radii smaller than the neodymium radius (RE = Sm-Lu) cannot be obtained by solid-phase synthesis methods. In the literature, two well established methods for obtaining such compounds have been described: either by the decomposition of the corresponding garnet phases at high temperatures and pressures (45 kbar, 1000
• C) using a NaOH melt, or by overheating of a 0.5 RE 2 O 3 -0.5Ga 2 O 3 (RE = Sm-Er) melt [11] .
The growth of Nd 1−x Sm x GaO 3 crystals (x = 0.25, 0.50, 0.75, 0.9) has been reported by Aleksiyko et al [12] . They found the smallest cell volume for Nd 0. 25 Sm 0.75 GaO 3 within the whole rare-earth orthogallates family and concluded that Nd 1−x Sm x GaO 3 samples with Nd substitution by Sm atoms higher than 75 mol% cannot be synthesized at ambient pressure. In [13] the synthesis of a sample with 57 wt% of SmGaO 3 in the perovskite phase and GdFeO 3 -type of structure at RT has been presented. The authors of [13] concluded that the existence of continuous solid solutions in the NdGaO 3 -SmGaO 3 pseudo-binary system is limited by the Sm content of 75-80 mol%. Structure investigations of Nd 1−x Sm x GaO 3 (x = 0.25, 0.50) at RT were also reported in [13] , and for all studied samples an orthorhombically distorted GdFeO 3 -type of structure (Pbnm space group) was found.
The space group Pbnm occurs frequently in the large family of perovskites. According to [14] the Pbnm space group covers more than 60% of all known compounds with perovskitetype structure. This symmetry is preserved even under extreme conditions (for example, MgSiO 3 perovskite is the major mineral of the Earth's lower mantle [15] ) for systems with a high Goldschmidt tolerance factor. The fact that rare-earth perovskite-type orthogallates are most suitable as substrate materials in HTSC devices or as interconnecting material in solid oxide fuel cells (SOFC), operating at 77 and 700 K, respectively, makes the thermal behaviour of these structures a highly important research object.
In this work the structure of Nd 0.75 Sm 0.25 GaO 3 has been studied in detail by high-resolution powder diffraction using conventional x-ray and synchrotron radiation in the temperature range 85-1173 K. Taking into account the different atomic masses of the constituent components, the system attracts the attention for simulations by lattice dynamics. Therefore, calculations based on the Debye model are compared with quasiharmonic lattice dynamics.
Experimental details
The Nd 0.75 Sm 0.25 GaO 3 sample for our investigations was grown by the Czochralski technique [12] . The crystal structure of Nd 0.75 Sm 0.25 GaO 3 and its thermal evolution in the temperature range 85-1173 K was studied using the high-resolution powder diffraction technique. Low-temperature (LT) structural investigations in the temperature range 85-320 K were performed on a STOE powder diffractometer equipped with a liquid nitrogen coldfinger from Oxford Cryosystems using Mo Kα 1 -radiation. Diffraction patterns were collected in the For high-temperature (HT) structural investigations the synchrotron powder diffractometer at beamline B2, HASYLAB, DESY, Hamburg, Germany, was used. The wavelength was selected close to the Mo Kα 1 wavelength and was determined to be 0.708 79(5) Å based on five reflections of a Si NBS640b standard. Full patterns were collected using the on-site readable image plate detector OBI [16] over the 2θ -range 7.48
• -85
• with a step size 0.004
• at RT, 373, 473, 573, 673, 773, 873, 973, 1073 and 1173 K. All measurements were performed in Debye-Scherrer mode. Analysis of the data was carried out using the WinCSD program package [17] .
Results and discussion

Crystal structure
At RT Nd 0.75 Sm 0.25 GaO 3 adopts the orthorhombically distorted GdFeO 3 -type structure in agreement with [13] . This type of structure is confirmed for all temperatures investigated. Some characteristic results of Rietveld refinements for Nd 0.75 Sm 0.25 GaO 3 at 85 K, RT and 1173 K are presented in figure 1 ; the corresponding structure parameters are summarized in figure 2 .
The thermal evolution of the lattice parameters in the temperature range 85-1173 K is shown in figure 3 . The lattice parameters of Nd 0.75 Sm 0.25 GaO 3 increase anisotropically and nonlinearly with temperature. All data points were fitted by a polynomial of temperature of fourth order with the linear coefficient fixed to zero. The coefficients are given in table 2.
Lattice dynamics
For ionic materials, interatomic potentials in the form of a Buckingham potential is a rather traditional model, which has been shown to perform sufficiently well and, therefore, it is widely 
where the individual terms represent the Coulomb potential, Born-Mayer repulsion and van der Waals energies, respectively. Here r i j is the interatomic distance between atoms i and j , Z i is the effective charge of the i th atom, b i j , ρ i j and c i j are the short-range potential parameters for each pair of atoms usually found by fitting to experimental data [18] [19] [20] [21] . Unfortunately, a potential based on parameters presented by latter authors does not reproduce the Nd 0.75 Sm 0.25 GaO 3 structure accurately and, therefore, a different approach was developed to reproduce the properties of Nd 0.75 Sm 0.25 GaO 3 with a reasonable precision. For the potentials described, O-O short-range interactions were chosen from [18] , which were successfully used for the modelling of perovskite-type oxides. We neglected the van der Waals interactions for Table 3 . The parameters of the potential (equation (1)).
Short-range interaction
Interaction Our lattice dynamics calculations were also performed using GULP. For the minimization of the free energy, calculations of the density of states (DOS) and its projections, and the heat capacity (C v ), a 20 × 20 × 20 Monkhorst-Pack grid was used for the Brillouin zone integration. The free energy minimization was performed without the zero static internal stress approximation and showed good convergence. The vibrational DOS and its projections onto atomic contributions are calculated using the interatomic potential from equation (1) with parameters displayed in table 3, and are shown in figure 4 in comparison with the Debye DOS g(ω)
where n is the number of atoms in the cell, ω is the frequency, k B is Boltzmann's constant, and h is Planck's constant. The Debye temperature θ D is calculated from the elastic constants using the relation
V at is the volume per atom, ρ is the density, and K and G are the bulk and shear modulus, respectively. The Debye temperature was calculated from the full elastic constant tensor averaged by the Reuss-Voigt-Hill scheme (K = 192.6 GPa, G = 99.2 GPa) using equation (3) . Accordingly, the calculated Debye temperature for Nd 0.75 Sm 0.25 GaO 3 is 528 K. Taking into account the substitution of 25% Nd by Sm atoms, the obtained results correlate well with the data obtained by Krivchikov et al [25] , where the Debye temperature and elastic constants were obtained from ultrasound velocities in pure NdGaO 3 (K = 190.0 GPa, G = 92.4 GPa, θ D = 513 K).
In figure 4 the DOS, projections of the DOS onto the atomic species from phonon calculations, and the Debye DOS are presented. The shape of the full-phonon DOS differs significantly from the Debye DOS. Moreover, projections of the DOS show significant deviations from the 'acoustic' behaviour. For a Debye-type behaviour all atoms contribute at each frequency to a constant proportion of the total DOS, determined by relative masses and numbers of atoms of each sort. Full phonon calculations show a slightly different behaviour: the rare-earth ion dominates in the low-frequency branches, Ga shows the maximum of its influence in the intermediate region of the phonon spectrum, whereas oxygen tends to contribute in the intermediate-and high-frequency region of the DOS. The contributions to frequency ranges result from significant differences in atomic weights. A similar situation has been observed in other rare-earth perovskites.
Anderson et al [26] formulated the following preconditions to derive a reasonable C v (T ) from the Debye approximated DOS:
(a) no gaps should occur in the phonon spectrum; (b) not many modes should have frequencies above the maximum Debye frequency; (c) the phonon density of states should be close to equation (4) at least in the limit of small ω.
As shown in figure 4 , none of the criteria formulated by Anderson is fully satisfied for the observed DOS and, therefore, no reliable calculation of the harmonic properties, in particular of the specific heat capacity, is expected within the framework of the Debye model. From the harmonic approximation, all thermodynamic properties can be calculated by integration over all frequencies
where g(ω) is the total phonon DOS from the full-phonon calculations. The Debye model gives the following expression for C v :
In figure 5 , the heat capacity at constant volume is presented as obtained from full-phonon calculations, and in the framework of the Debye model (by equations (4) and (5), respectively). Both the Debye model and the full-phonon calculations result in very similar C v (T ) at LT (below 100 K), whereas at higher temperatures up to 800 K, when the classical limit is reached, the differences are more pronounced. In [27] the lattice heat capacity, calculated from the observed heat capacity for pure NdGaO 3 , was reported. These results are presented in figure 5 by open points, and indicate good agreement between the experimental heat capacity and the calculated ones. In recent years, the fitting of experimental results by different Debye functions (e.g. heat capacity [27] , internal energy [28, 29] and thermal expansion [30, 31] ) has been applied for different perovskite-type oxides with the aim of estimating the Debye temperature and related properties. In this work the Debye temperature is determined by fitting the Debye C v to the data obtained from full-phonon calculations (results obtained from equation (4) were fitted by equation (5)). The Debye temperature was the only fitted parameter, and it converged to 632 K for Nd 0.75 Sm 0.25 GaO 3 , which is in good agreement with the reported value θ D = 676 K, obtained for pure NdGaO 3 [27] .
The results demonstrate the explanation of the experimental heat capacity even by crude approximations. Nevertheless, the differences between Debye temperatures, on the one hand calculated from elastic constants and on the other hand fitted to the experimental heat capacity curves, indicate the insufficiency of the Debye model for the precise description of thermodynamic functions in the case of perovskite-like rare-earth orthogallates and their solid solutions.
The Grüneisen parameter was calculated using the quasiharmonic formula, where C i,k is the partial heat capacity of all phonon modes at the k-points of the Brillouin zone. In the high-temperature limit, equation (6) reduces to the arithmetic mean of the i th mode Grüneisen parameter γ i,k ,
Within the Debye model, the Grüneisen parameter can be calculated using the quasiharmonic relation
Curve 1 in figure 6 represents the Grüneisen parameter as calculated using equation (6) . The Grüneisen parameter decreases on heating in the low-temperature region and has a minimum at ∼530 K (which might correlate with the Debye temperature). With further increasing temperature, the Grüneisen parameter increases and shows 'classical' behaviour above 800 K (curve 2, calculated via equation (7)). The 'acoustic' Grüneisen parameter is underestimated in the Debye model (curve 3 calculated by equation (8)) compared with the Grüneisen parameter calculated from the full-phonon calculations, because only acoustic phonons are taken into account in the Debye model, which are of primary importance only at LT. The low values for the 'acoustic' Grüneisen parameter are probably the reason for the large deviations between the observed and the Debye-model thermal expansion coefficients calculated following the Grüneisen law
The thermal expansion was calculated based on the results of full-phonon calculations (curve 1 in figure 7 ) and within the Debye model approximations (curve 2 in figure 7) , where the respective values of γ and C v were used. As seen in figure 7 , the 'acoustic' Grüneisen parameter given by the Debye model yields satisfying agreement at LT, whereas at higher temperatures the restriction to acoustic phonons leads to serious deviations in the thermal expansion. Figure 8 illustrates the experimentally observed cell volume thermal evolution (squares) and cell volumes calculated from the thermal expansion coefficient according to Zhao [32] with Curve 1 in figure 8 shows the cell volumes calculated using full-phonon calculations. Curve 2 in figure 8 is the results from the Debye model. Figure 8 shows the experimentally observed cell volumes, which are in good agreement with the full-phonon calculations while the Debye model results in 35% smaller expansion.
Conclusions
The structure of Nd 0.75 Sm 0.25 GaO 3 was studied by x-ray powder diffraction and synchrotron radiation in the temperature range 85-1173 K. The GdFeO 3 -type of structure was confirmed for the whole temperature region investigated. The cell parameters show a monotonic and anisotropic increase with temperature. In spite of this rather simple model, a good description of interatomic interactions was obtained by quasiharmonic lattice dynamics as indicated by the good agreement between observed and calculated thermal expansion and heat capacity.
We considered the total phonon DOS, projections onto atomic species, the heat capacity C v , the Grüneisen parameter γ , and the thermal expansion coefficient α in the framework of quasiharmonic lattice dynamics and the Debye model. Comparing the total DOS and its projections with the Debye DOS, Nd 0.75 Sm 0.25 GaO 3 cannot be considered as a good Debyelike solid. The heat capacity is only well reproduced by the Debye model below 100 K, where acoustic phonons are playing an important role and above 800 K, i.e. close to the classical limit. The Grüneisen parameter and thermal expansion coefficient are calculated to be about 35% lower than experimentally observed. Therefore, the Debye model is not an appropriate description for the thermal behaviour of the Nd 0.75 Sm 0.25 GaO 3 structure. A similar conclusion has been reached for MgSiO 3 perovskite.
